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are then compared qualitatively with results from two recent Qxperiments, one in which atmospheric effects are nearly negligible and one in which they are not.
I . INTRODUCTION
In recent years rail guns have been used to accelerate macroscopic pro-1 2 jectiles to velocities as high as several km/s. ' Some interesting results obtained in a recent experiment, to be discussed presently, have caused speculation that atmospheric air in the gun tube may significantly limit projectile velocity. In this communication we wish to determine under what conditions such an effect might be important.
II. CALCULATIONS
The principle on which the rail gun operates is shown schematically in Fig. 1 . Current is conducted along the rails in the direction indicated and from the lower to upper rail through an armature which may be either solid or gaseous. The resulting magnetic field then interacts with the armature current, giving rise to a force which accelerates the armature and projectile (shaded area) down the gun tube. Unless the region of the gun tube in front of the projectile is evacuated prior to acceleration, the projectile motion will produce a shock wave that exerts a retarding pressure P" on the accelerating system. We will now solve the equations of motion of the armature and projectile to determine the effect of P . It is assumed that the current varies exponentially according to the relation i = i 0 e'^O, (D since the current in our rail gun, which has inductive energy storage, has been successfully fit to such a profile. Results should not be affected qualitatively for other types of variation. In the case of a plasma armature it is also assumed that the entire system (armature and projectile) is accelerated at the same rate.
Under these conditions the appropriate equation of motion becomes
where m is the total mass of the armature and projectile, L^ the inductance per unit length of the rails, and A the cross-sectional area of the gun tube. Now, for typical rail guns and acceleration times of interest, the first term on the right-hand side of Eq. (2) is large compared to the second except when P is much greater than atmospheric pressure. Consequently, we can approxi-3 mate P by a strong-shock approximation, namely, 
where y is the ratio of the specific heat at constant pressure to that at constant volume and where p n is atmospheric density, i.e., 1.29 kg/m . Substituting Eq. (3) 
where
Physically, z is a measure of the importance of the air in gun tube, its decelerating effect increasing with increasing z We obtain after some algebra (7) consists of a linear combination of the functions I n (z) and K n (z). Using this result for u in Eq. 0 0 (4), applying the initial condition vCt=0) = 0, and using formulas for the derivatives of the Bessel functions, we find for the time-dependent velocity
Here v is the solution of the problem in the absence of air (p n = 0), namely. 0
To determine when the effect of the air first becomes important, we can (arbitrarily) set v/v-= 0.95 and solve Eq. (8) From the resulting value of z, denoted by r , the "characteristic time" follows from the relation t c = t 0 in (z 0 /z c ) .
For acceleration times less than this value, the effects of the air are negligible, while for larger times they are not. In Fig. 2 To demonstrate further the results of Eq. (8) we have plotted v and v Q as a function of t for data corresponding roughly to two recent experiments. Each was carried out with the same rail gun for which appropriate parameters were A = 1.61 cm 2 , i = 150 kA, and t = 752 ys; the inductance per unit length 1/ was assumed to be 0.42 yH/m and the parameter y was given by 1.4, which is appropriate for air. In the first experiment, only a plasma arc was accelerated, whereas in the second both the arc and a 2.5 g projectile were employed. The mass of the arc was not known but we assumed a value of 0.1 g, as has been 7 8 done in previous work. ' Corresponding values of z n for the two experiments were 8.2 and 0.31, respectively.
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Results for the two cases are shown in Fig. 3 . The time scale is in milliseconds, while the velocity scale is in km/s for Case 1 (arc only, no projectile) and hundreds of m/s for Case 2 (arc and projectile).
In both instances results are plotted only for the approximate time during which the projectile or armature was in the Im-long gun tube.
As is evident from the figure, the air has little effect upon the acceleration of the finite-sized projectile since v n differs only slightly from v during the course of acceleration.
In fact, the characteristic time for this case, calculated in the manner described previously, is 1.25 ms and the two velocities do not differ by more than 5% for times less than t .
It should be c noted that the velocity reaches its maximum value (y 631 m/s) around 1.45 ms and is limited primarily by the time decay of the current. The atmosphere has little effect.
For the case in which only the arc is accelerated, we see that the air exerts a very significant effect upon the acceleration process. The characteristic time for this case is only 0.04 ms and the difference between v and v grows rapidly thereafter. The maximum velocity reached is about 3.4 km/s and is attained at t = 0.17 ms.
In this case the velocity is limited primarily by the effect of the air since the current decays little during the time of acceleration.
Results of the calculation are in good qualitative agreement with the experiments in question. For the 2.5 g projectile, the velocity increased steadily over the first 37 cm of the gun tube (the location of the last detector) . When only the arc was accelerated, however, the velocity was found to rapidly approach about 3 km/s and remain nearly constant thereafter, behavior consistent with the results of Fig. 3 . Specifically, a distance vs. time curve plotted at the location of the four detectors (at 7, 17, 27, and 37 cm from the breech end of the gun tube) produced nearly a straight line.
It might appear surprising that the maximum velocity of the arc is predicted reasonably accurately since the arc mass was only crudely estimated. For constant currents, however, which nearly apply to this case, v becomes independent of m and is given by To summarize, the nearly constant value of the velocity observed in the experiment when only the arc was accelerated suggested to us that atmospheric drag might be significant in some rail-gun experiments, Results of the calculation have suggested that such an effect is indeed important at high velocities and is apparently capable of explaining these experimental results. Precise conditions under which air exerts an appreciable decelerating force on the projectile can be determined for any experiment by calculating z n for the case at hand and using Fig. 2 
